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Abstract 
Joining of dissimilar metal plates by using ultrasonic vibrations was investigated. Plastic flow appeared when joining two 
aluminium plates by applying a zero amplitude ultrasonic wave (stress amplitude is at a maximum). Over time, the plastic flow 
became larger and resulted in a stirring phenomenon of the materials. By utilizing this stirring phenomenon, an aluminium plate 
was joined to a steel plate. The resultant plate was analysed with cross tension test and cross section observation. These results 
revealed the relation between ultrasonic conditions and cross tensile load. When joining an aluminum plate to various kinds of 
metal plate, the cross tensile load of the joint reached a maximum value of 200 N. The cross tension tests reveal that the fracture 
of the materials resulted in plug failure mode. Therefore, the achieved maximum cross tensile strength is determined by the 
tensile strength of the aluminum plate. The strength of the bonding was stronger than the tensile strength of the aluminum plate. 
These results led us to the conclusion that joining of dissimilar metal plates has been attained using ultrasonic vibrations. 
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1. Introduction 
Current demands for light weight constructions lead to an increasing use of light weight metals such as 
aluminum and magnesium alloys. In order to reduce the weight of machines such as automobiles and airplanes, 
* Corresponding author. Tel.: +81-3-5734-2418; fax: +81-3-5734-2824. 
E-mail address: nanaumi.g.aa@m.titech.ac.jp 
 
 
© 2014 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Selection and peer-review under responsibility of the Department of Materials Science and Engineering, Nagoya University
2112   Genki Nanaumi et al. /  Procedia Engineering  81 ( 2014 )  2111 – 2116 
joining of dissimilar thin plates such as an aluminum plate to a steel plate becomes extremely important. Spot 
welding is a technique used most commonly in the joining of metal sheets in the production engineering. This 
technique is quick and easy to join and the appearance of the joint is good. However, because of fused welding it is 
not usable for the combination of materials forming vulnerable intermetallic compound. Therefore, joining 
methods for low-weldability materials and dissimilar materials need to be developed. 
Solid state welding processes, e.g., friction stir welding [1], magnetic pulse welding [2], and ultrasonic welding 
[3], have attracted considerable attention as prospective joining methods to meet the above-mentioned demands. 
These solid-state welding processes have a common joining principle, i.e., inclusions between the joined materials 
that obstruct adhesion are mechanically eliminated to generate a metallic-bonded interface in the solid-state 
welding processes. Because they go through no melting process, the generation of brittle intermetallic elements at 
the joined interface, grain coarsening, residual stress, and defects related to liquation and solidification can be 
avoided in solid-state welding. Mechanical clinching is also suitable joining method for dissimilar materials [4]. 
In the present study, a joining method using ultrasonic vibrations for dissimilar metal plates was investigated. It 
has been revealed by our previous work[5] that plastic flow appears inside the materials by applying an ultrasonic 
wave at the joining point with zero amplitude (stress amplitude is at a maximum) (Fig. 1(a)). In the case of joining 
two pure aluminum plates, the plastic flow becomes larger, and finally results in a stirring phenomenon of the 
materials (Fig. 1(b)). By utilizing this phenomenon, dissimilar metal plates such as an aluminum plate and a steel 
plate were joined together, followed by cross tension test and cross section observation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. (a) Schematic diagram of vibration system and (b) optical microscopic image of vortex material flow visualized by multi layered 
specimen. 
2. Experimental procedures and equipment 
In this ultrasonic joining process, first, the die and the stripper hold the work pieces, and the punch and the 
counterpunch press the material. Next, the punch and the counterpunch start to vibrate the work pieces. Fig. 2(a) 
shows the die set used to keep the vibration systems in the right position and to move these systems precisely. The 
die plate holding the die is fixed to the die holder. The stripper plate and the counterpunch plate are compressed 
onto the work pieces by stripper springs at 6.3 kN and counterpunch springs at 2.0 kN, respectively. The punch 
load and the counterpunch load were measured by each load cell, and the displacement of the punch was measured 
by a displacement gauge placed between the punch plate and the die plate. As the ultrasonic transducer, D4427PC 
(27 kHz, max. 700 W, 7 mm from NGK Spark Plug Co., Ltd) was selected. Therefore, the entire vibration system 
was designed to vibrate at 27 kHz. The ultrasonic transducer was driven by the ultrasonic generator NONK USSD 
15-40.  
Fig. 2(b) shows the geometries of the tools. These tools were designed by a numerical experiment through the 
FEM method analysis. The punch, the work pieces, and the counter punch were united, and their parameters were 
adjusted to correspond to those of the fundamental vibrational mode of 27 kHz. 
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Sample sheets of aluminum (A1050 – H22) and steel (SPCC) with a thickness of 0.5 mm were cut into 75 mm ×
25 mm specimens and degreased by acetone in an ultrasonic bath. The joined samples were subjected to the cross 
tension test (Fig. 3(b)).  
3. Joining of an aluminum plate and a steel plate using ultrasonic vibrations 
3.1.  Result and discussion 
Fig. 4 shows the relationship between the vibration time and the cross tensile load with various vibration 
amplitudes. This result showed that the cross tensile load grows logarithmic to the vibration time. In the case of 
applying ultrasonic vibrations more than a prescribed time, the fracture of the materials resulted in plug failure 
mode and thereafter the increase of cross tensile load was not attained. Fig. 5 shows joint morphologies fractured 
by the cross tension tests. In this condition the joint which reached more than 200 N cross tensile load attained the 
fracture in plug failure mode shown in Fig. 5(a). Therefore, the achieved maximum cross tensile strength is 
determined by the tensile strength of the aluminum plate and the strength of the bonding was stronger than the 
tensile strength of the aluminum plate. These result led us to the conclusion that joining of dissimilar metal plates 
has been attained using ultrasonic vibrations. Moreover, it is revealed that time requirements decrease to obtain a 
good joint when applying larger amplitude vibrations. On the other hand, if the vibration time or the amplitude is 
insufficient, the fracture result in partial plug failure or interfacial failure mode such as shown in Fig. 5(b) and (c).   
Fig. 3. (a) Schematic diagram of tool geometry, (b)cross tension test. 
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Fig. 2. Schematic of (a)die-set, (b)tool geometry. 
(a) (b) 
(a) 
(b) 
2114   Genki Nanaumi et al. /  Procedia Engineering  81 ( 2014 )  2111 – 2116 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Relation between cross tensile load and vibration time about applied vibration amplitude. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. (a) Plug failure and (b) partial plug failure and (c) interfacial failure. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6. (a)Micrograph showing cross-section shape, (b)6(0LPDJHVRIMRLQWLQWHUIDFHDPSOLWXGHȝPYLEUDWLQJWLPHVHF. 
3.2. Interface observation 
Interface observations were performed to understand the bonding mechanisms. Fig. 6 shows the joint interface 
cross section SEM images where cross tensile load reached maximum value. Fig. 7 shows the SEM images and 
result of SEM-EDX mapping of central area of Fig. 6. The observation object is the joint interface which was 
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created by applying an ultrasonic pulse for 60 seconds with an amplitude of 13.9 ȝm. The darker color is 
aluminum and lighter color is steel. These SEM images exhibit existence of middle contrast area at the joint 
interface. The thickness of middle contrast area was about 5 ȝm. Fig. 8 shows that rather than an abrupt change in 
elements, a concentration inclination was observed at the joint interface. This confirms that a metallic bonded 
interface was generated in the solid state joining process. 
 
 
 
 
 
 
 
 
  
 
 
 
Fig. 7. SEM image and result of SEM - EDX mappping of central area of Fig. 6.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8. Result of EDX line analysis. 
4. Joining of various kinds of metal plates using ultrasonic vibrations 
Joining various kinds of metal plates such as magnesium alloy, copper, titanium, stainless steel, zinc coated steel, 
high-strength steel, and clad metal to an aluminum plate using ultrasonic vibrations were investigated. All of 
sample sheets with a thickness of 0.5 mm were cut into 75 mm × 25 mm specimens. Ultrasonic vibrations were 
applied for 60 seconds. The joined samples were subjected to the cross tension test. As a result, all of joint 
combinations except for magnesium alloy shows plug failure mode as shown in Fig. 9.  
 
 
 
 
 
 
 
 
 
 
Fig. 9. Photographs showing nugget appearance of various kinds of material and aluminum joints (a) magnesium (b) copper (c) stainless steel, 
(d) micrograph showing joint cross-section after cross tension test. 
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Fig. 10 shows the joint cross tensile strength of various kinds of metal plates and an aluminum plate. The cross 
tensile load of the magnesium alloy and aluminium was about half that of the steel plate and aluminium due to a 
small plug diameter size. On the other hand, all combinations of various materials except for magnesium alloy and 
aluminum achieved good joints which are stronger than steel and aluminum. These results confirm that this joining 
method can bond together many materials well. 
 
5. Conclusions 
The cross tensile load of the joint reached a maximum value of 200 N when using aluminum and steel plates by 
applying an ultrasonic wave at the joining point with zero amplitude (stress amplitude is at a maximum). When 
conducting cross tension tests, the fracture of the materials resulted in plug failure mode. Therefore, the achieved 
maximum cross tensile strength is determined by the tensile strength of the aluminum plate. The strength of the 
bonding was stronger than the tensile strength of the aluminum plate. The joint fracture of various kinds of metal 
plates and an aluminum plate also resulted in plug failure mode. These results indicate that joining of dissimilar 
metal plates has been attained using ultrasonic vibrations. It is also revealed that vibrations of maximum-stress-
amplitude mode eliminate inclusions between the joined materials that obstruct adhesion and generate a metallic-
bonded interface in the solid state joining process. 
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Fig. 10. Comparison of cross tensile strength. 
